Abstract. An accelerated creep test was implemented to study the effects of heat treatment on the creep properties of INCONEL 617. Three heat treatment conditions were set on the test specimens, including 1) as-received, 2) aged as the simulation of service conditions at 650°C for 1,000 h and 3) solutionised. The accelerated creep test was performed at 700, 750, 800 and 900°C with applied stress at 80% and 90% of the yield stress (YS) at tested temperatures. The results were analysed for both time to rupture and % RA, which showed that there was a significant drop in time to rupture and % RA at 750°C. Subsequently, the % RA increased while the time to rupture gradually decreased. The Larson Miller curve for all heat treatment conditions could be plotted with an interest in the presence of an intersection zone. This indicated the possibility of failure behaviour changes from a creep mode to an overload mode at low applied loads to high applied loads, respectively.
Introduction
Inconel 617, a solid solution nickel-based superalloy, has been widely used in high-temperature environments due to its excellent high-temperature strength, sufficient metallurgical stability, good resistance to creep, and superior resistance to corrosion and oxidation. [1] [2] [3] . It is well-known that M23C6 carbide network is formed along grain boundaries during long-term exposure at elevated temperature. This affects creep performance of this alloy. [4] .
Study of creep performance is the major issue for operation of components exposed to high temperatures and pressures in power generating industries. Generally, the creep test is assessed thought creep test classified as long term and short term. Long-term creep test required testing time up to 100,000 h which is to long practice in laboratories. On the other hand, short-term testing, typically called stress rupture [5] [6] [7] , is taken less than 1,000 h, and flexible for experiment. The result of testing in creep test is emphasized on strain rate, while stress rupture is focused on time to failure. In addition, the damage and failure mechanisms in the short-term tests are different from long-term tests. Care is taken to prevent misleading in interpretation of the creep life due to the possible changes in microstructures [7] [8] . Several methodologies, such as Larson-Miller Parameter (LMP), Manson-Sucoop parameter and Wilshire method [5] , to study the creep life of alloys have been suggested by researchers using short-term creep-test data. According to previous investigated of creep behaviour of Inconel 617 pipes for power plant [6] , the Larson-Miller Parameter (LMP) technique is widely used to predict the creep life of high temperature materials due to its simplicity of application [6] .
Previously, the effects of heat treatment process on creep performance of Inconel 617 have been investigated. Md. S. Rahman et al. [1] studied the creep performance of Inconel 617 in solution annealed condition at 1,180°C for 1 h followed with creep testing at 600 and 800°C. The results indicated that the elongation decreased with increasing in the temperature. At 800°C, the formation of M23C6 precipitates was observed. This impeded the dislocations movement. M. Akbari-Garakani et al. [2] reported the formation of continuous network of M23C6 carbides along grain boundaries on exposed materials which facilitated grain boundary sliding easily and resulted in a decreased creep life compared to new materials. M. Cabibbo et al. [3] also observed similar type of the M23C6 carbides along grain boundaries which contribute to the formation of film morphology. Then, grain boundary sliding occurred and caused creep rupture. In summary, the presence of continuous carbide network along grain boundaries had great influence on creep performance of this alloy. However, there is no information providing a full explanation of microstructure development concerned creep performance of Inconel 617 specimens similar to the real operation of the components used in industries. An experimental study, covering a series of the short-term tests and microstructure analyses for a set of material and several repaired conditions, is demanded to understand the relationship at service temperatures.
In this study, the effect of microstructural takes place in each heat treatment conditions among the asreceived, -aged, and -solutionised specimens are explored in order to assess the creep life using the LMP values.
Experiment

Material and Test Specimen Preparation
The investigated material was INCONEL 617, which contains the chemical composition shown in Table 1 . Three heat treatment conditions were used to study the as-received (AS), aged (AG) and solutionised (SO) specimens, as shown in Table 2 .
Testing Procedures
Elevated temperature tensile test (preliminary test)
For the elevated temperature tensile test, specimens were machined into rectangular shapes, as shown in Fig. 1(a) . Elevated temperature tensile tests were carried out at a constant testing speed of 3 mm/min and at tested temperatures of 700, 750, 800 and 900°C. The elevated temperature tensile test was performed using a universal testing machine with heating application. The temperatures were controlled within ±5°C of the set point using a PID temperature controller.
Creep rupture test
Creep rupture test specimens were machined to a rectangular shape, as shown in Fig. 1(b) . The creep rupture test was conducted using a creep test machine at King Mongkut's University of Technology Thonburi (KMUTT) for tested temperatures of 700, 750, 800 and 900°C under constant stress at 80%YS and 90%YS, as taken from the previous step. The tested temperatures were controlled within ±2°C [9] by monitoring with K-type thermocouples attached to the middle of the specimens. The time taken to failure was recorded for each specimen. The reduction of area as a function of ductility was measured and the Larson-Miller Parameter (LMP) curve was created for the AS, AG and SO conditions to predict the time to rupture. Table 2 . Three material conditions of INCONEL 617.
ID Heat treatment condition
As Received (AS) None Aged (AG) 650°C for 1,000 h and furnace cooled Solutionised (SO) 650°C for 1,000 h + 1,175°C for 1 h + water quench 
Metallographic Examination
A metallographic examination was carried out prior to the elevated temperature tensile test and after the creep test using both optical microscopy (OM) and scanning electron microscopy (SEM) to characterise the presence of microvoids and precipitate phases. An energy-dispersive spectroscopy (EDS) was performed in order to determine the alloying composition of the precipitate phase. X-ray diffractometry (XRD) was utilised to characterise the phases in the alloy after the creep test.
a Metallographic samples were sectioned from the creep specimens using a cut-off wheel, which were then mounted in Bakelite resin and polished. The specimens were etched using a solution consisting of 2 grams of cupric chloride (CuCl2), 40 ml of hydrochloric acid (HCl) and 80 ml of methanol (CH3OH). The swab technique was used for 5 seconds according to the ASTM E407 standard [10] .
Results and Discussion
Microstructure Observations prior to Testing
The microstructures of INCONEL 617 in three conditions (AS, AG, and SO) are shown in Fig. 2 . For the AS specimen, the microstructure revealed the equiaxed austenitic grain structure and a band structure of the precipitate phase along both the grain boundaries and in the grain interior. In the AG specimen, the microstructure showed larger grains with large particles identified as Mo-rich M6C carbide and small-size precipitate particles identified as Cr-rich carbides (M23C6 carbide). These particles appeared both along the grain boundaries and grain interior for all heat treatment conditions, which conformed to a report by Gariboldi et al. (2008) [4] . In addition, other particles appeared light orange-coloured under OM and were also found with rich in Ti, C and N, which were probably Titanium carbo-nitrides Ti (C, N). Figure 2 (c), the SO condition, showed a large grain size for austenite grains. Coarse carbide particles appeared along the grain boundaries, identified as M6C and M23C6. The other particle that appeared in the grain interior was Ti (C, N). 
Creep-Rupture Test
The creep rupture test parameters and results for the INCONEL 617 specimens are summarised in Table 3 . The results are plotted as in Fig. 3 for both time to rupture and reduction of area (%RA). At 80%YS and 90%YS applied stress, the time to rupture (Fig. 3(a) ) for the AG condition was shorter compared to that of the AS and SO conditions. For all conditions, the time to rupture of the specimens decreased rapidly from 700°C to 750°C and then decreased gradually as the temperature increased. At higher test temperatures (800°C and 900°C), the specimens failed in a short time. This was due to overtemperature resulting in overload type failure, which could be evidenced from the high reduction areas of the fracture surfaces.
For the AS condition, the %RA (Fig. 3(b) ) increased slightly from 700°C to 750 °C and then increased rapidly to 800°C and 900°C. Meanwhile, the %RA of the AG condition started to drop at 750 o C and then increased as the temperature increased. The low reduction in area of the AG specimens at 750 o C indicated ductility loss of the specimens as a characteristic of creep failure. In the same way for both AS and SO, the trend of %RA for both conditions increased rapidly from 750°C to 800°C and then flattened out, after which it continued to increase gradually as temperature increased. The high %RA at high test temperatures (800 and 900°C) corresponded to the fact that overload failure could potentially occur.
Both the ductility loss and short time to rupture drop at 750°C were believed to be associated with the formation of Cr23C6 carbides at the grain boundaries. G. A. Young et al. [11] performed researches on X-750, 718 and Monel® K-500 alloys and found a significant ductility loss at intermediate test temperatures. In the X-750 alloy, ductility loss corresponded to the formation of precipitates, which were partially coherent between M23C6-type carbide and matrix. This conformed to the IN617 in this study, in which M23C6 could possibly form on the microstructure during the test temperature, especially 750 o C.
The relationship between stress, temperatures, and time to rupture for each material was created using the Larson-Miller Parameter (LMP), as shown in Fig. 4 . The calculations are expressed as follows:
LMP = T(K) (C + log t)
(1)
where T is the test temperature in Kelvin, t is the time to rupture in hours, C is a constant assumed to be 25.7,  is the applied stress in MPa, a is the constant and b is the intercept.
Fig. 4 Larson-Miller parameter plot for INCONEL 617 in as-received (AS), aged (AG) and solution conditions (SO)
. Figure 4 illustrates the relationship between applied stress and LMP. This could be used for prediction of Larson-Miller parameters at a given stress. Subsequently, the calculation from LMP can be derived to obtain time to rupture at given temperatures by using Eq. (1) and (2) , which are also shown in Fig. 4 . The results from experiments exhibited good correlation, which can be confirmed by R 2 values of 0.947, 0.991 and 0.939 for AS, AG and SO conditions, respectively. Interestingly, there was a zone of intersection among heat treatment conditions. This indicated that test specimens could behave differently according to the level of applied stress.
At a high stress level such as 200 MPa, the rupture life of the aged specimen was noticeably longer than the AS and SO specimens. At an LMP value of 28,000, the aged specimen resisted load bearing better than the AS and SO specimens. This was because the aged specimens had more γ'-Ni3 (Al, Ti) precipitate, which resulted in high temperature strength and creep strength [12] [13] .
On the other hand, the rupture behaviour changed significantly compared to high applied stress, as shown at the low stress level on the right-hand side of the intersection in Fig. 4 . For example, the rupture life of the SO specimen was significantly longer compared to those of the AS and AG specimens at 50 MPa. This was in contrast, for example at LMP = 31,200, to the SO specimens that had longer creep life than the as-received and aged specimens. This resulted from discrete precipitation of M23C6 carbides along the grain boundaries, which improved the creep strength by restricting grain boundary sliding [14] .
Comparing the allowable design stresses from ASME II-Part D-2010 (see UG-23) [15] , for example, the AG-750-80YS specimen could use the maximum allowable designed stress, as indicated by ASME at around 50.4 MPa. However, the creep test in this study showed that the specimen at low test temperature failed at 360.99 MPa, which was about 7.16 times higher. On the other hand, the maximum allowable designed stress at 900°C for the specimen tested at higher temperature, such as specimen AG-900-80YS, would be 12.5 MPa from ASME, in which the specimen was tested at 120 MPa or about 9.63 times higher. Although in this study would apply stress higher than allowable stress, it had showed the evidence of macro-plastic deformation on the tested specimens, resulting in failure occurred into creep and overload mode. Figure 5 shows typical OM morphologies for the creep specimens. The AG-80YS specimens showed precracks near the failure location, which were believed to initiate and propagate along the grain boundaries. On the other hand, there was very little evidence of pre-cracks at the grain boundaries of the other heat treatment specimens. In addition, there was microscale plastic deformation for the grains of all types of specimens at high tested temperatures, supporting the evidence of the combination of overload failure. Figure 6 shows SEM micrographs of the creep rupture specimens at 80%YS for all heat treatment conditions, which display pre-cracks, propagated along the grain boundaries. Some of the pre-cracks were adjacent to coarse grain boundary carbides (Fig. 6(a) ) for the as-received specimen. In the same way, Figs. 6(b) and 6(c) show that both the aged and solutionised specimens also had micro cracks, micro voids, Crrich (M23C6), and Mo-rich (µ) along the grain boundaries, similar to DuPont et al. [16] [17] . This showed that the pre-cracks were initiated adjacent to the grain boundary carbides, resulting in lower adhesion of the grains and subsequent ductility drop with grain boundary sliding, especially at a test temperature of 750°C. EDS microanalyses in Figs. 6(d) and 6(e) were confirmed with two type of precipitates, (i) Cr-rich carbides (M23C6 carbide) and (ii) Mo-rich (µ) carbide, which was the same as reported by Wu et al. (2008) [18] . The γ'-Ni3 (Al, Ti) occurred during the creep rupture test, which were also identified by analysis of the XRD [19] . The XRD results are shown in Fig. 7 . The plot revealed a peak corresponding to the γ'-Ni3Al such as (111), (200), (220), (330) and (222) [20] . Therefore, it was possible that the analysed precipitate would consist of γ'-Ni3Al in creep specimens of AS, AG, and SO conditions. 
Microstructure Observations after the Creep Rupture Test
Loading direction
Conclusions
In this investigation, the accelerated creep rupture test was used to study the creep properties of INCONEL 617 under various heat treatment conditions (as-received, aged and solutionised).
Based on the results of testing, the following inferences are made: 1. Time to rupture for the aged condition was the shortest, followed by the as-received and solutionised conditions. 2. The aged conditions showed a drop in reduction area or ductility loss at around 750°C, which was associated with the formation of Cr23C6-type carbides at the grain boundaries. 3. For the as-received condition, the results of %RA slightly increased from 700°C to 750°C and then rapidly increased to 800°C and 900°C. The solutionised condition showed the same trend. 4. The Larson Miller curve for all heat treatment conditions showed the zone of an intersection. This could indicate the change of failure behaviour from high to low applied stress levels or from overload failure to creep failure, respectively. 5. The microstructure under OM micrograph after the creep rupture test showed pre-cracks near the failure location. High test temperatures showed macro plastic deformations at the grains as evidence of overload failure, while micro voids and Cr-rich (M23C6) along the grain boundaries in lower test temperatures showed evidence of creep failure.
